We report on three different and complementary measurements, namely magnetisation measurements positron annihilation spectroscopy and NMR measurements, which give evidence that the formation of oxygen vacancy clusters is on the origin of the fishtail anomaly in YBa 2 Cu 3 O 7−δ . While in the case of YBa 2 Cu 3 O 7.0 the anomaly is intrinsically absent, it can be suppressed in the optimally doped state where vacancies are present. We therefore conclude that the single vacancies or point defects can not be responsible for this anomaly but that clusters of oxygen vacancies are on its origin. 
Soon after the discovery to the 90 K superconductor YBa 2 Cu 3 O 7−δ an anomaly in the curves of the irreversible magnetisation, often referred to as fishtail effect, was reported [1] .
This anomaly consists of an increase in the magnetisation upon increasing magnetic field which is equivalent to an increase of the critical current high above Hc 1 . Whereas a technical use of all other high temperature superconductors at liquid nitrogen temperatures is actually limited due to their poor critical current density in magnetic fields, the fishtail anomaly of the 123 superconductors makes them potentially useful in technical applications even at high fields. The origin of this anomaly, however, was controversially discussed for nearly a decade.
Recently, we reported how the fishtail anomaly can be reversibly suppressed in the optimally doped state of YBa 2 Cu 3 O 6.92 and showed that it is completely absent in the fully oxygenated state YBa 2 Cu 3 O 7 [2] . In the present study, we give independent proofs for the formation of oxygen vacancy clusters being responsible for the effect. Understanding the formation mechanism of such clusters allows us to tune the pinning properties of YBa 2 Cu 3 O 7−δ to either low pinning for fundamental studies such as the investigation of vortex matter or to strong pinning by deliberately clustering the vacancies to a desired size, thus changing the critical current density and the irreversibility field.
The experiments were performed on crystals which were grown in the recently developed non-reactive crucible material BaZrO 3 [3] . Crystals obtained from such experiments exhibit a superior purity since they are not contaminated with metallic impurities from the container material [4] . Wet chemical analysis (ICP-MS) on three of the YBa 2 Cu 3 O 7−δ crystals showed that Zr, Sr and La with concentrations between 0.0005 (detection limit) and 0.001 at. %, are the only impurities. The crystals used for the oxygenation experiments exhibited the usual twinning within the a-b plane and no attempts were made to detwin the crystals. The standard annealing to obtain high transition temperatures well above 90 K in YBa 2 Cu 3 O 7−δ single crystals, consists of a treatment under 1 bar of oxygen at around 500 o C for 100 -200 hours, followed by a quench to room temperature. However, the oxygenation of YBa 2 Cu 3 O 7−δ is performed in this way only due to the simplicity of the procedure. According to the phase diagram of Lindemer et al. [5] which gives the equilibrium oxygen concentrations as a function of oxygen partial pressure and temperature, the same oxygen content can be obtained as well by annealing at higher temperatures in higher pressure oxygen atmospheres. No fishtail behaviour is present after this oxygenation treatment. Re-annealing the same crystal similar to the standard oxygenation (510 o C, under 1 bar oxygen) leads to the reappearance of the fishtail anomaly, and this already after a short re-annealing time of only half an hour. If the crystal is further annealed at this temperature, the maximum in the reversible magnetisation, which was initially been re-established at a value of around 3.3
T, shifts to lower field values of about 1.5 T for an annealing time of 160 hours, whilst the amplitude of the maximum increases indicating a increase in the critical current. Note that, according to [5] , the overall oxygen content of the sample has the same value of 6.92 for the three treatments and that the transition temperatures are not changed.
This time evolution of the anomaly is a direct confirmation of our earlier interpretation [2, 4] of clusters of oxygen vacancies being responsible for the fishtail effect. At temperatures as high as 700 o C the oxygen deficient regions are more likely to be randomly distributed, while at lower temperatures oxygen deficient unit cells tend to cluster due to the smaller contribution of the entropy term to the free energy [2, 4, 6 , and references therein]. Thus, when we re-anneal the crystals clusters form. Their size and mean distance however depend on the re-annealing time. Short time annealing produces small and densely spaced clusters, which grow, when annealing progresses, to bigger size with larger distances. Pinning of vortices is most effective if the distance between vortices matches to the mean distance between the pinning centers. In the case of pinning by oxygen vacancy clusters, we find, for the short re-annealing time of half an hour a maximum for the critical current at higher fields (3.3 Tesla), which is shifted to lower fields for longer annealing times, when cluster growth makes their mean distance larger. On the other hand the amplitude of the maximum increases for the longer anneals since the bigger clusters have a higher pinning potential.
A simple picture defining the maximum of the anomaly as a matching field enables us to calculate the average spacing between oxygen vacancy clusters. Doing so we find a spacing of about 25 nm for a matching field of 3.3 T and 37 nm for the maximum at 1.5 T respectively.
Assuming that all vacancies present within the space between clusters would contribute to its formation and that the clusters consist of YBa That such a short range reorganisation of the vacancies is indeed possible can be seen by calculating the effective diffusion length, using the diffusion coefficients measured on identical samples [7, 8] . The chemical diffusion coefficient, which is the product of the self-diffusion coefficient and the thermodynamic factor, turned out to be 8x10 −8 cm 2 /s at 510 o C with the thermodynamic factor being about 10 [9, 10] . Using the Einstein formula d ef f = 6D self (T )t, an estimation of the effective diffusion length for the short re-annealing of half an hour yields an possible migration of vacancies of about 90 mm, which is far more than needed.
Among the methods, which allow us to study the oxygen vacancies more directly, are the positron annihilation technique and NMR which we will discuss now. Both methods probe bulk properties and this on a microscopic level. In addition, these techniques do not alter the oxygen vacancy distribution.
Positron annihilation spectroscopy [11] is site-sensitive and probes bulk properties. Measured spectra depend strongly on the chemical and structural environment of the annihilating positron. In YBa 2 Cu 3 O 7−δ , it has been established that the positrons i) annihilate in the region of the copper-oxygen chains [12] ; ii) tend to localize near oxygen vacancies which function as weak traps valence electrons than with bound core electrons of higher momenta (see [11] ), giving rise to a line more peaked at the zero momentum. We observe the lowest peak (indicating delocalized positrons) in the case of the fully oxygenated YBa 2 Cu 3 O 7−δ , as there is no trapping by oxygen vacancies. In the optimally doped state with fishtail, the annihilation line has the highest peak. This signifies the presence of large clusters of oxygen vacancies which act as more efficient positron traps than single oxygen vacancies or small clusters [13] . In the optimally doped state without fishtail, the peak height is somewhat larger than for the fully oxygenated state, indicating weak positron trapping, which is attributed to residual trapping by clusters too small to act as pinning centres for vortices. The correlation between the large peak height in N(p x , 0) and the presence of the fishtail leads us to conclude that the fishtail anomaly in the magnetisation is a peak effect induced by the clustering of the oxygen vacancies.
Finally, we will discuss our NMR studies which probe microscopically the arrangement of the oxygen vacancies. We employed Cu NMR which is an appropriate method since the resonance frequency of Cu1 (chain copper) depends strongly on the co-ordination by nearest-neighbour oxygen ions. The magnetic shift and the electric field gradient tensors are well-known for plane copper, Cu2 [16] , copper in a filled chain, (Cu1) 4 , i.e. co-ordinated by four oxygen ions [16] and copper in an empty chain, (Cu1) 2 , i.e. co-ordinated by two apex oxygen only [17] . We investigated a single crystal whose magnetization curves, for two oxygenation states, are shown in Fig. 3 . Next, we investigated the YBa 2 Cu 3 O 6.9 state. If the crystal is annealed at 510 o C, the lines discussed above become much broader (Fig. 4b) samples melting of the vortex lattice has been observed by calorimetric measurements [18] as a first order transition between 4 and 26.5 T, which was the highest available field, giving further support for our interpretation and yields new insight into the nature of vortex matter.
For application purposes the understanding of the formation mechanism of microstructural inhomogeneities offers the possibility to tailor the samples according to the required properties influencing the maximum value of the critical current and the irreversibility field. 
